Fatty acids are known to cause an increase in the incorporation of radioactive choline into phosphatidylcholine. A coincident increase in membrane cytidylyltransferase activity is well documented. The purpose of the present studies was to determine the direct effects of oleic acid on the kinetic properties of membrane cytidylyltransferase. An examination of the reaction characteristics of membrane cytidylyltransferase revealed that membranes from adult rat lung contained high CTPase activity. This activity prevented the determination of reaction velocities at low CTP concentrations. The CTPase activity was blocked by the addition of ADP or ATP to the reaction. The addition of 6.0 mM ADP to the assay mixture enabled us to determine the effect of oleate on the CTP K,,,. Oleate (122 p'.:) caused a significant decrease in CTP K m for microsomal cytidylyltransferase (0.99 mM to 0.33 raM) and H-Form ¢ytidylyltransferase (1.04 mM to 0.27 raM). Oleate did not decrease the CTP K~ for L-Form ¢ytidylyltransferase. Oleate had no effect on the choline phosphate K m in microsomal, H-Form or L-Form cytidylyitransferase. Oleate also increased the Vmx for cytidylyltransferase. The increase was dependent upon the concentration of oleate with a maximal increase of 50-60% at 100-130 /zM oleate. We conclude that oleate has a direct stimulatory effect on cytidylyltransferase when it is in the active form (membrane bound or H-Form lipoprotein complex). We suggest that the kinetic cffccts operate synergistically witlt oi|te,' i egttlaiory tnechal|i.~tt|Is such as translocation or conversion of inactive to active species. The direct effect of oleate on the cytidylyltransferase may be an important regulatory mechanism when CTP concentrations are limiting.
Introduction
CTP: choline phosphate cytidylyltransferase (EC 2.7.7.15) is a major regulatory enzyme in the pathway for pbosphatidylylcholine synthesis (revieweO m Refs. !, 2). Cytidylyltransferase is located in both cytosol (100000 x g supernatant)and membranes. The cytosolic enzyme is only partially active and requires the addition of suitable lipids or lipid mixtures for maximal activity (reviewed in Ref. 2) . Membrane cytidylyltransferase, on the other hand, has been considered to be fully active since the addition of total lipid extracts to the assay did not increase the activity appreciably [3] [4] [5] [6] [7] [8] [9] . However, this conclusion may not be valid in all cases. For example, oleic acid produced nearly a 75% increase in cytidylyltransferase activity in lung micro-somcs lilt]. A sonicated mixture of phosphatidylcholine and oleic acid (molar ratio of I: I) increased cytidylyltransfcr.tsc activity in membranes from Hep G2 cells by apprt~x. 100% [! I]. Kelly et at. [12] also found that phosphatidylcholine-oieic acid produced a large stimulation of cytidylyltransferase activity in membrane fractions from rat adipocytes. In addition, comparison of the relative ability of phosphatidylglycerol and oleic acid to stimulate cytidylyltransferase activity indicatcd that oleic acid was a more effective stimulator for membrane cytidylyltransferase, whereas phosphatidylglycerol was more effective for cytosolic enzyme [11] . For membrane cytidylyltransferase, phosphatidylglycerol produces less than half the activity obtained with olcic acid. Thus, the activity of membrane cytidyIyltransferase depends upon the type of lipid used in ~he assay.
Fatty acids have been reported in some instances to increase membrane cytidytyltransferase activity by translocation of cytosolic enzyme to membranes [13, 14] .
But in other cases, membrane activity was increased without clear evidence for translocation [3, [15] [16] [17] [18] [19] . This disparity in results coupled with the possibility that fatty acids may directly influence membrane cytidylyltransferase activity leads to considerable uncertainty as to the mechanisms of the regulatory actions of fatty acids. As part of our efforts to clarify the actions of fatty acids on cytidylyItransferase and phosphatidylcholine synthesis, we examined in more detail the direct effects of fatty acids on membrane cytidylyltransferasc activity, The results demonstrated that oleic acid decreased the K,, for CTP and also increased the activity at saturating concentrations of CTP. We obtained these results only after we modified the assay procedure to prevent the interference from high nucleotidase activity m membrane preparations.
Materials and Methods

Preparation of microsomes and cytosol
We anesthetized male rats (CDrL VAF, Charles River, 18{]-220 g) with chloral hydrate. We opened the abdominal cavity and perfused the lung and/or liver with isotonic saline to remove the blood. We homogenized the tissuzs in 50 mM imidazole/0.15 M KCI/2 mM EDTA (pH 7.4) (Buffer A) using 4.0 mi per gram of wet tissue. The bomogenate was centrifuged sequentially at 1000 ×g × 10 min, 20000 ×g × 10 min and 100000 ×gX 60 min. We rinsed the surface of the i00000 ×g × 60 min pellet (microsomes) in Buffer A. We suspended the pellet in Buffer A (one half the volume of original homogenate). After brief homogenization, the microsomes were collected again by centrifugation at 100000 × g × 60 min. The washed microsomes were dispersed in 50 mM imidazole/0.15 M KCI/2 mM EDTA (pH 7.0) to give a final protein concentration of 0.2 mg/ml. The 100000 x g x 60 min supernatant was designated cytosoI. All procedures were conducted at 4°C. We used the Markwell et al. (20) method for protein determination with bovine serum albumin ,'tandards.
Isolation of H-Form, L-Form and microsomes by glycerol density centrifugation
We prepared homogenates as described above. We centrifuged the homogenatcs at 1000 × g x 10 min. The resulting supernatant was centrifuged at 21)090 x g × 10 rain. The 200(]0 ×g supernatant (postmitochondrial supcrnatant) was layered on top of a 8%-40% linear glycerol gradient (1.0 ml on a 10 ml gradient). The preparation of the gradient and the centrifugation conditions have been described previously [21] . The frac-:ions containing H-Form and L-Form were combined separately. The microsomcs at the bottom of the tube were suspended in Buffer A.
Cytidylyltransferase assay
The standard assay mixture contained 45 p,l imidazole buffer (50 mM imidazole, 2 mM EDTA, pH 7.0), 25/zi microsomes in (50 mM imidazole, 0.15 M KCI, 2 mM EDTA, pH 7.0) and 30 t.tl of a mixture that contained [MeI~C] choline phosphate (5.3 mM, 1000 dpm/nmol), 10 mM CTP, 40 mM magnesium acetate, 50 mM imidazole, 2 mM EDTA (pH 7.0). This resulted in 100 #1 containing 1.6 mM choline phosphate, 3.0 mM CTP, 12 mM Mg 2+. 50 mM imidazole, 2.0 mM EDTA and 38 mM KCI. We added oleic acid in two ways: (1) oleic acid in hexane was added to a glass tube. The hexane was evaporated with a stream of N2.
We added a volume of 50 mM imidazole, 2 mM EDTA (pH 7.0) to give a final oleic acid concentration of 300 ~zM. We sonicated this mixture for 10 min with a microprobe sonicator. The appropriate aliquot was added to the assay mixture in place of an equal volume of 50 mM imid~tzote, 2 mM EDTA, pH 7.0 buffer; and (2) oleic acid was complexed to bovine serum albumin (fatty acid free). We dissolved bovine serum albumin (10 mg/ml) in 50 mM imidazole, 2 mM EDTA, pH 7.0 buffer. Bovine serum albumin-potassium oleate complexes were prepared as follows. Oleic acid from a stock hexane solution was added to a glass tube and the hexane evaporated with a stream of nitrogen. A volume of 0.8 M KOH was added which was calculated to titrate the amount of oleic acid. The appropriate volume of 10 mg/ml bovine serum albumin was added. The mixture was incubated at 55°C. The moJar ratio of oleic acid to bovine serum albumin was varied from 0.06 to 10.7. The corresponding concentration of free oleate was calculated using the computer program developed by Wosilait and Nagy [22] . The oleate-BSA solution (10 t.tP, was added to the reaction mixture. This resulted in a BSA concentration of 1 mg/ml in the assay. Control (no oleate) reactions contained 1 mg/ml BSA. We mixed microsomes with assay buffer and, when desired, oleic acid or BSA oleate. The mixture was incubated on ice for 6 min. In the nreparation of the assay mixture, the oleic acid solution was always added to the assay mixture after microsomes had been added in order to reduce the possible binding of olcic acid to the glass test tube. This was a problem at low oleic acid concentrations in the absence of carrier BSA. We started the reaction by the addition of the CTP/choline phosphate/Mg 2÷ mixture and incubated at 37°C. The reaction was stopped with 10% TCA containing 150 mM phosphocholine. We added 1.0 ml of charcoal suspension (6 g/100 ml water) to absorb the CDPcholine as described previously [23] .
Measurement of CTP :::,cleotidase
We prepared a reaction mixture identical to that used for cytidylyltransferase assay except that unlabeled choline phosphate and [3H]CTP (! #Ci/100 #l reaction) were added. The reaction was stopped by placing the tubes into a boiling water bath. After centrifugation to pellet the precipitated protein, we applied 25 p,! aliquots to silica gel 60 plates. The plates were developed in methanol/0.9% NaCl/concd. NHaOH (10 : 10 : 1). We scraped 1 cm sections sequentially up the sample lanes, into scintillation vials. Radioactivity was determined in a liquid scintillation spectrometer. The RF values for CTP, CDP and CMP were 0.56, 0.76, and 0.87, respectively.
Materials
All radiochemicals were purchased from New England Nuclear-Du Pont (Wilmington, DE). Bovine serum albumin (essentially fatty acid-free, Cat No, A-6063) was obtained from Sigma Chemical Co.
Results and Discussion
The effect of oleic acid on t,~e cytidylyltransferase reaction
The accurate determination of cytidylyltransferase activity in homogenates and membrane preparations has been widely recognized to be difficult because of the lack of proportionality of the reaction with time and amount of tissue preparation. Our initial experiments on the oleic acid stimulation of membrane eytidylyltransferase activity suggested that the oleic acid stilnulation was associated in some way with the membrane property causing the disproportionate response with time and microsomal protein, Fig. 1 . Although oleic acid increased the initial reaction rate, the reaction essentially stopped after 20 rain in both control and oleic acid reactions, Fig. 1A . However, oleic acid extended the proportionality with microsomal protein to r,,~arly 15 p.g protein compared to 5 /zg for the control Fig. lB. We found that the linearity with time was extended by increasing the CTP concentration, For example, the reaction rate with 20 p.g of lung microsomes was constant for nearly 20 min at 12 mM CTP but at 3 mM CTP the rate was constant for only 5 min. These results suggested that lung microsomes contained CTPase activity. The presence of enzymes that hydrolyze CTP has been reported previously to cause difficulties in the assay of cytidylyltransferase [24] [25] [26] .
CTPase acticity in lung microsomes
We measured the hydrolysis of CTP under conditions identical to those used for the cytidy|yltransferase assay. Under these ce, nditions, microsomes catalyzed a rapid hydrolysis of CI'P to CDP, Fig. 2 tion would result in nearly complete depletion of CTP after 30 min. In view of the previous reports that oleic acid caused a decrease in the CTP K,, for cytidylyltransferase in liver cytosol [13] , it seemed likely that a similar effect may occur with the microsomal enzyme. Since an accurate determination of the CTP K m could not be obtained in the presence of high CTPase activity, we examined conditions for the prevention of CTPase activity. The CTPase activity was reduced by 3.0 mM ATP to 8.1 nmol/min per 20 /xg protein. ADP (6.0 mM) reduced the CTPase to 3.7 + 0.5 nmol/min per 20 /zg protein. We obtained further verification that the depletion of CTP by CTPase caused the reductions in the cytidylyltr.,,tsferase reaction, We measured the formation of CDP choline with time in the presence of either 3,0 mM ATP or 3.0 mM ADP. Under these conditions, CDP choline production was linear for 60 rain compared to only 5 min without ATP or ADP. AMP was not active in this regard, The oleic acid effect shown in Fig. 1 was not caused by CTPase inhibition since oleic acid did not inhibit the hydrolysis of CTP (20.2 + 1.9 nmol/min per 20/xg of microsomal protein in the presence of 60 #M oleic acid). Neither 100 mM fluorfde or 2.0 mM orthovanadate extended the period of linear CDPcholine production beyond that of the co.troi. Furthermore, fluoride did not inhibit the C"I f'u,~e activity. These results suggest that the CTPase is probably a nucleotidase and not a nonspecific phosphatase.
Kinetics of oleic acid stimulation
We now were able to determine the apparent Km for CTP and choline phosphate in the presence and absence of oleic acid. One difficulty in assessing the effects of low concentrations of oleic acid was the tendency for oleic acid to bind to the glass surface of the reaction tube. This produced erratic results at low concentrations of oleic acid. This problem was eliminated by using oleic acid-bovine serum albumin complexes. The molar ratio of oleie acid to albumin was varied resulting in different concentrations of free oleic acid. The actual concentration was calculated by a computer program (see Materials and Methods). We added 6.0 mM ADP to all assays. Representative kinetic plots for cytidylyltransferase activity versus CTP concentration are shown in Fig. 3 . Two types of membrane preparations were used. Both were isolated by glycerol gradient centrifugation. The data in Fig. 3A was obtained from microsomes isolated from 20 000 × g x 10 rain supernatants maintained at 4°C. The data in Fig. 3B was obtained from 20000 × g × 10 min supernatants which had been incubated at 37°C for 10 min prior to the isolation of microsomes. This treatment causes translocation of cytosolic cytidylyltransferase to membranes [21] and therefore increases the membrane activity. In both preparations, ole.ic acid caused a decrease in the apparent K,, for CTP. Three additional experiments were performed. The average grn was 0.99 + S.E. 0.07 mM for control (without oleate) and 0.33 + S.E. 0.04 mM with oleate. These values were significantly different P<0.001. The Km values for 4°C microsomes and 37°C microsomes were similar (with or without oleate). The K m for choline phosphate was 0.52 + 0.05. Oleic acid did not change the K m (data not shown). It is possible that ADP could effect the CTP Km. However, ADP was needed to protect the CTP from hydrolysis. Therefore, we could not test this possibility, in any case, any ADP effects would not change the oleic acid results because ADP was present in both control and oleic acid reactions. The oleic acid induced decrease in CTP Km provides a reasonable explanation for the oleic acid effects observed in the presence of high CTPase activity (Fig. 1) . In addition to membrane cytidylyltransferase, two forms of cytidylyltransferase are recovered in adult lung cytosol; L-Form that is essentially inactive without lipid in the assay and H-Form that is about 60% active without additional lipid [2t]. We isolated these forms from cytosol by glycerol density centrifugation. The apparent Lq'P K m for H-Form cytidylyltransferase was also decreased by oleic acid (1.04 mM without oleate and 0.27 mM with oleate). These K m values are nearly identical to those for microsomal cytidylyltrar, sferase. We suggested previously that the active form of cytidylyltransferase is a lipoprotein containing the apoprotein and phospholipids [27] . The apoprotein appeared to be the L-Form consisting of two 45 000 Mr sabunits. Evidence was also presented suggesting that H-Form and membrane cytidylyltransferase were similar lipoprotein forms of the enzyme. The present observation that oleate caused a similar decrease in CTP Km for H-Form and microsomal cytidylyltransferase provides further support for this conclusion.
Oleic acid appeared not to change the apparent ATP K m for L-Form of cytidylyltransferase. Since LForm cytidylyltransferase is inactive without lipid in the assay, a direct comparison of the effects of oleate on CTP Km values was not possible. However, we determined the effect of oleate at suboptimal concentrations of phosphatidylglycerol, (25 ttM), a lipid that produces nearly maximal activity when added at optimal cencentrations (150 ~M). Under these conditions, oleate did not change the CTP K m (C 67 mM without oleate, 0.75 mM with oleate). The apparent K m values for choline phosphate were similar for both H-Form and L-Form (0.3-0.5 mM). The choline phosphate K m values were not changed by oleate. These results suggest that oleate modulation of the CTP kinetics requires cytidylyltransferase to be organized in its active lipoprotein complex. Although phosphatidylglycerol produces stimulation of L-Form cytidylyltransferase activity, the phosphatidyiglycerol-L-Form complex apparently does not have the same properties as the native lipoprotein complex. On the other hand, it has been reported that total phospholipid from liver [28] or oleic acid [13] caused a decrease in the CTP Km for cytidylyltransferase in liver cytosol. Since L-Form cytidylyitransferase is the apparent predominant species in liver cytosol, it might be expected that the response to oleate would be similar for liver cytosol and isolated L-Form. It seems likely that cytosol preparations contain lipids and/or proteins that enable a more native lipoprotein complex to form during lipid stimulation. The isolation of L-Form may remove these factors.
The double reciprocal plots in Fig. 3 indicated that oleate also increased the Vma x for cytidylyltransferase. Further experiments on the effects of oleic acid on the velocity of the reaction indicated that maximal stimulation was achieved at 120 p.M oleate, Fig. 4 . Concentra- tions above 120 ~M produced inhibition. For example, enzyme activity at 200 to 250 p.M oleate was nearly 50% lower than activity at 120 t~M oleate (data not shown).
In conclusion, we presented evidence that fatty acids have a direct effect upon cytidylyltransferase located in microsomal membranes. Oleate caused both a decrease in CTP K m and an increase in the Vm~ x. Membrane cytidyly|transferase activity was increased 50-60% at saturating concentrations of CTP. In addition, the CTP K m was decreased nearly 3-fotd. The results suggest that fatty acids exert their effects on the active lipoprotein form of cytidylyltransferase. Since the kinetic effects of fatty acids occurred in addition to any action that promoted translocation or conversion of inactive forms of the enzyme, these effects would provide additional regulation of cytidylyltransferase in response to reduced concentrations of CTP. The oieateinduced decrease in CTP K~ is consistent with other result. suggesting that CTP concentrations may regulate cytidylyltransferase activity under certain conditions [29] .
